arrest / L5178Y cells /Neutron A previous study on mutagenesis by 252Cf radiation in mouse L5178Y cells showed that the frequency was higher when the dose was delivered chronically, which was in sharp contrast to the results by gamma-rays (Nakamura and Sawada, 1988) . A subsequent study using synchronized cells revealed that the cells at G2/M stage were uniquely sensitive to mutation induction by 252Cf radiation but not so by gamma-rays (Tauchi et al, 1993) . We carried out the present study to test the possibility that radiation induced G2 block may be a major determinant of the inverse dose-rate effect following chronic 252Cf radiation.
INTRODUCTION

Mechanisms
of "inverse dose rate effect" of fission neutrons have been discussed since Hill et al. 1, 2) first observed the phenomenon in the in vitro transformation assay3-10). Similarly, an inverse dose rate effect of fission neutrons has also been observed in "in vitro" mutagenesis in mouse leukemia L5178Y cells") and human lymphoblastoid cells12'13> Because cells were exposed to radiation at 37°C and were continuously growing, perturba tion in progression through the cell cycle was thought to be one of the possible causes of the inverse dose-rate effect7). We have previously examined the cell cycle dependence of 6 thioguanine-resistant mutations in mouse L5178Y cells, and found that G2 / M cells were hyper-mutable for 252Cf irradiation but not for gamma-irradiation 14) . Since progression through the cell cycle is generally blocked at G2 phase by irradiation, we suspected that the partial synchronization at G2 (or G2/M) phase might be the cause of the higher mutation frequency following low dose-rate neutron irradiation.
Here, we report that G2/M fraction was increased during the low dose-rate gamma or neutron-irradiation extending over 10 hrs. These cells pre-irradiated with gamma-rays for more than 10 hrs were found to be more susceptible to the subsequent neutron mutagenesis than those cells pre-treated with the same doses for 1 hr or less.
MATERIALS AND METHODS
Cells and Culture Conditions
Mouse leukemia L5178Y cells were grown in Fischer's medium (GIBCO) supplemented with 10% horse serum (GIBCO), 100 units/ml penicillin and 100 mg/ml streptomycin at 37°C. The population doubling time is 7.3 hr. To keep the mutation frequency low in the non-treated group, a relatively small number of cells (about 1000) were allowed to grow to a large number, which were then collected, distributed into ampules (more than 5 X 106 cells/ampule) and stored in liquid nitrogen. One ampule was thawed and used for each set of the experiments.
Dosimetry and irradiation
A 252Cf source (71.4 GBq) at the Research Institute for Radiation Biology and Medicine, Hiroshima University, was used for the fission neutron irradiation, and a 60Co gamma-ray apparatus (Shimadzu, 111TBq) as the reference radiation source. The 252Cf radiation consisted of 67% fission neutrons (average energy of 2.13 MeV) and 33% gamma-rays, and the doses were measured as reported previously 14,15) The cells sealed in 15-ml glass test tubes were exposed to 2 Gy of gamma-rays or 1 Gy of 252Cf radiation at 37°C with several dose-rates (termed as `conditioning irradiation') . After the irradiation, the cells were immediately cooled on ice to stop further cell cycle progression. Subsequently, the cells were irradiated with 1.6 cGy/min of 252Cf radiation in a specially designed plastic box with an ambient air temperature of 2 -4°C to arrest cell cycle population during the irradiation (Figure 1 ). Dose-rates of the conditioning irradiations were 4.70 and 0.24 cGy /min of gamma-rays by 60Co and 137Cs sources, respectively, and 1.60 and 0.15 cGy/min of 252Cf radiation. Cell cycle distribution analysis The cell cycle distribution of the irradiated or non-irradiated cells were analyzed by flow cytometry. Immediately after the conditioning irradiation, cells were fixed with 70% ethanol ( 20°C) for 2 h, and washed with phosphate buffered saline (PBS). Then the cells were treated with 1 mg/ml (PBS) RNase (DNase free) (Boehringer), stained with 50 pg/ml prop idium iodide, and the cell cycle distribution was analyzed using Cytoron-Absolute flow cytometry system (Ortho Diagnostic Systems). A minimum of 10,000 cells were measured for each analysis. Percentage of the cells in each cell cycle stage (Gl, S, G2/M) was calculated with "Multicycle" computer program (Phoenix Flow Systems, San Diego, CA). The mitotic index was also determined by counting the mitotic figures in the cells stained with orcein-acetic acid using a light microscope.
Measurement of mutation frequency
The frequencies of 6-thioguanine-resistant mutants were measured as previously described 14). Briefly, a portion of the cells was immediately plated in Fischer's medium containing antibiotics, 17% horse serum and 0.20% agar (Agar noble, Difco) (termed as `plating agar medium') to determine the surviving fraction after irradiation. The remainder of the cells was grown in regular growth medium, subcultured daily by transferring more than 4 X 106 cells. Seven days after exposure, 4 X 106 cells were seeded in 100 ml of plating agar medium containing 6-thioguanine (6-TG) at a final concentration of 5 ,erg/ml to detect mutants defective in hypoxanthine phosphoribosyltransferase (HPRT) activity 16). In addition, 200 cells were plated in 50 ml of 6-TG-free plating medium to assess the cloning efficiency of the cell population. After incubation for 1 week, the colonies were counted and the mutation frequen cy (MF) was calculated as MF = (Number of 6-TG-resistant colonies) / (Number of cells plated in 6-TG medium X cloning efficiency)
Results are expressed as `induced mutation frequency' which denotes the difference in mutation frequency between the exposed and non-exposed groups ; the latter varied from 0.1 to 0.9 per 105 clonogenic cells throughout the experiments. Experiments were repeated at least three times under the same irradiation conditions. irradiation with either 2.0 Gy of gamma-rays or 1.0 Gy of 252Cf radiation at two different dose rates. When the cells were treated with lower dose-rate gamma-rays or neutrons, the G2/M fraction markedly increased from 8% to 26% and 31%, respectively, whereas the accumulation in G2/M was much less after higher dose rates of both gamma-rays and neutrons (from 8% to 11% and 12%, respectively). The conditioning irradiation caused a decrease in the mitotic index and the extent was much greater after a higher dose rate in neutron groups while the difference was marginal for gamma-ray groups (Table 1) . Subsequently, the cells were used for mutation induction by 252Cf irradiation. The results are shown in Figure 3 . Because the mutation induction varied quite extensively with each type of conditioning irradiation, the data were replotted by subtracting the effects of conditioning irradiation so that the effect of additional 252Cf radiation may be clearly seen (Figure 4 ). It was found that following 2 Gy of chronic gamma-ray irradiation, the cells became more susceptible to mutation induction by subsequent 252Cf irradiation as compared with cells that received the same conditioning gamma dose at a higher dose rate. In the latter case, the mutation dose response was similar to that observed after 252Cf irradiation alone to log phase cells"), probably because a minimum cell cycle perturbation (Figure 2) . When 1 Gy of conditioning dose was given by 252Cf radiation, the effects of subsequent neutron irradiation appeared to be the same tendency as the case of conditioning dose with gamma-rays. However, the difference between the two different dose-rate groups was not statistically significant even though the G2/M fraction increased by almost 4 times in the lower dose-rate group. The reason for this finding is not clear at the present. One possibility is that the cells accumulated in the sensitive G2 / M phase by 252Cf irradiation had received already a considerable dose of neutrons, and that the difference in the dose response of subsequent 252Cf radiation was obscured by the large inter-experimental variation of mutant frequencies by conditioning neutron irradiation alone. In fact, compared with the previous results"), the average frequencies of mutants after 1 Gy of 252Cf radiation alone were considerably lower for both dose rates in the present study ( Figure 5 ). However, this is unlikely to be due to underexposure of dose because the survival curves are similar to the previous results ( Figure 5 ). Exponentially grow ing cells were cooled on ice, then exposed to 252Cf radiation at 2-4°C.
The relationship between the effects of cell killing and the induced mutant frequency by additional 252Cf irradiation is shown in Figure 6 . Shown by the dotted line is the general relationship for low LET radiation between the mutant frequency and the log-transformed surviving fraction of growing cell population from various cell lines with different radio sensitivitiesli°18). It is apparent from the figure that cells conditionally irradiated with low dose-rate gamma-rays were distinctively prone to mutate by additional 252Cf radiation. This is a unique character of cells at G2/M phase 14).
The present results are in accord with the hypothesis that the physiological conditions of the cells arrested at G2/M either by colcemid or by continuous irradiation are similar in that the cells became more susceptible to the subsequent 252Cf radiation for mutation induction. Thus the inverse dose-rate effects of 252Cf radiation in mutagenesis can be explained, at least partly, by the different cell cycle distribution during the radiation.
The apparent saturation in the mutation dose response by 252Cf radiation when the irradiation dose was not protracted (Figures 4, 5 ) was also observed in the previous study"). Quantitatively speaking, however, mathematical calculations using the previous results of cell cycle stage radiosensitivity for cell killing and mutagenesis in synchronized population 14) produce only a weak continuous bend (results are not shown). In other words, integration of each cell-cycle stage radiosensitivity for both cell killing and mutagenesis does not predict the sharp bend in the mutation dose response of log-phase cells to non-protracted 252Cf radiation. To achieve the sharp bend, it is necessary that as the 252Cf dose increases, the cell population at the time of mutant frequency measurement (i.e., 7 days after irradiation) consist of excessive fraction of cells exposed during the radioresistant stages, i.e., middle to late S. This may be the 
